Abstract. We model the magnetized interaction between a star and a close-in planet (SPMIs), using global, magnetohydrodynamic numerical simulations. In this proceedings, we study the effects of the numerical boundary conditions at the stellar surface, where the stellar wind is driven, and in the planetary interior. We show that is it possible to design boundary conditions that are adequate to obtain physically realistic, steady-state solutions for cases with both magnetized and unmagnetized planets. This encourages further development of numerical studies, in order to better constrain and undersand SPMIs, as well as their effects on the star-planet rotational evolution.
Introduction
The growing number of known exoplanet systems raises the question of how to properly define the habitability zone around a star (Kasting et al. 1993; Barnes et al. 2011) . Its definition depends on the interactions existing between a planet and its host star, which are gravitational (tidal forces), magnetic (wind-planet interactions, hereafter referred to as SPMI) and radiative (e.g., stellar EUV ionisation flux). Magnetized interactions between a star and its orbiting planets have recently been suggested to be at the origin of a possibly enhanced planet detectability (Jardine & Collier Cameron 2008; Fares et al. 2010; Miller et al. 2012 ). In the case of a close-in planet, these interactions may also be at the origin of anomalous stellar magnetic activity (Cuntz et al. 2000; Lanza 2008; Donati et al. 2008) . It was also suggested that it could affect the star-planet rotational evolution (Laine et al. 2008; Pont 2009; Cohen et al. 2010; Vidotto et al. 2010; Lanza 2010) . Theoretical work is needed to better understand SPMIs.
Based on a pioneering work done in the context of the satellites of Jupiter (Goldreich & Lynden-Bell 1969; Kivelson et al. 2004 ), Laine & Lin (2011) built an analytical model describing the various components of SPMIs in the case of unmagnetized planets. Pursuing the same goal, Lanza (2013) also developed semi-analytical models of SPMIs in the context of magnetized planets. However, a systematic numerical validation of those models still remains to be properly done (see Ip et al. 2004; Cohen et al. 2011 , for first steps towards such a validation).
Focusing on close-in planets, the SPMIs include magnetic reconnection, magnetic field diffusion at the stellar surface and in the planet vicinity, radiation and ionisation processes in the planetary magnetosphere and magneto-sonic wave propagation. A numerical 2 Antoine Strugarek et al.
investigation of SPMI requires a careful description of those physical processes although it is generally not possible to treat all of them simultaneously with a unique model. Hence, specific strategies such as dedicated boundary conditions have to be developed to study SPMI from a global point of view. We detail in this work how to develop both stellar (section 2) and planetary (section 3) boundary conditions to globally model the different SPMI cases, within the MHD formalism.
Stellar boundary conditions
We model stellar winds following numerous previous analytical and numerical studies (Weber & Davis 1967; Washimi & Shibata 1993; Ustyugova et al. 1999; Keppens & Goedbloed 2000; Matt & Balick 2004; Matt et al. 2012) . We use standard MHD theory to numerically model with the PLUTO code (Mignone et al. 2007 ) magnetized steady state flows anchored at the surface of a rotating star. We model winds driven by the thermal pressure of the stellar corona in a 2D axisymmetric cylindrical geometry (see Strugarek et al. 2012 , for a more detailed description of the MHD model we use).
The steady-state wind solution can depend very sensitively on the type of boundary conditions that are imposed under the stellar surface. Because we want to use our model to study SPMIs, the stellar boundary conditions have to be able to both react and adapt to external stimuli originating from the orbiting planet. The design of a boundary condition satisfying those two conditions, and its associated stellar wind solution, are displayed in panels (a) and (b) of fig. 1 .
We developed a layered boundary condition over which the stellar wind characteristics are progressively enforced as we go deeper under the stellar surface. This boundary condition ensures very good conservation properties (Lovelace et al. 1986; Zanni & Ferreira 2009 ) along the magnetic field lines. This is exemplified in panel (c) of fig. 1 . We display the effective rotation rate Ω eff
Bp B φ as a function of the streamfunction ψ generating the poloidal magnetic field. In a steady-state, ideal MHD wind, Ω eff should be constant along each field line and equal to Ω ⋆ . The blue dots correspond to the boundary condition described in panel (a), and the black dots to a case where B φ is set to 0 at all latitudes in the third boundary level. We observe that the target stellar rotation rate (dashed horizontal red line) is recovered only with the correct boundary conditions. Conservation errors exist at the open-closed field lines boundary (ψ ∼ 0.23), but they remain confined to very few grid points in the simulation domain. Finally, this boundary condition is intrinsically able to react to a perturbation by a planet orbiting a star by, e.g., modifying the stellar wind topology. We discuss now the importance of planetary boundary conditions when studying SPMIs.
Planetary boundary conditions
SPMIs are generally decomposed in two categories: the so-called unipolar and dipolar interactions (Zarka 2007) , which refer to the cases of unmagnetized and magnetized planets. Both interactions can be modeled within the MHD formalism with an adequate boundary condition design. We detail in this section how to design such boundary conditions. The examples given here were all done for a planet with a radius of r p = 0.1 r ⋆ , Figure 2 . Zoom on planetary boundary conditions effects for dipolar (upper panels) and unipolar (lower panels) interactions. The color map represents the gas pressure in logarithmic scale, and the white lines the magnetic field lines. The planet surface is labeled by a black circle at 1 stellar radius. Panels (a) and (b) show the fiducial dipolar case, and panel (c) is the unrealistic case of a planet with a very high internal pressure. Panel (d) represents a Venus-like interaction and panels (e) and (f) two Io-Jupiter-like interactions.
a mass of M p = 0.01 M ⋆ , an orbital radius of r orb = 3r ⋆ and a resolution of 0.03 r p at the planetary surface.
We consider the planet itself as a boundary condition. The PLUTO code allows one to define internal domains as boundary conditions over which all variables can be altered during the model evolution. In all cases, we set the poloidal velocity to zero and the azimuthal velocity to the keplerian velocity inside the planet. We also set the density and pressure values inside the planet to fiducial values which are consistent with its gravity field. These value have to be carefully prescribed since they can trigger undesirable effects in the vicinity of the planet. We give an example of a dipolar case in panels (a) and (b) of fig. 2 (the planetary magnetic field is simply enforced in the planetary interior in this case). A stable configuration is obtained when the magnetic pressure and the gas pressure equilibrate at the interface between the planetary magnetosphere and the stellar wind. The ram pressure plays little role here because the planet we consider is in the so called dead-zone of the stellar wind, in which the poloidal velocity is negligible. We show in panel (c) the exact same simulation for an extreme case where we multiplied the internal pressure of the planet by a factor of 20. The former pressure balance then fails and a wind is driven from the planet itself. The planetary dipole opens up and a shock eventually creates at the interface between the two "winds". Such undesirable effects may also be obtained by varying the density of the interior of the planet. Hence, any SPMI model must be developed to minimize such undesirable effects in the final solution.
Modeling a planet in the unipolar case is a bit more complex than in the dipolar case. Two classes of unipolar interactions can indeed be distinguished: Venus-like interaction (case V) and Io-Jupiter like interaction (case IJ). Note however that in both cases, we consider a planet located inside the stellar wind dead-zone, at r p = 3 R ⋆ .
In case V, the ionisation of the planetary atmosphere by the stellar EUV radiation flux allows the creation of a ionosphere which acts as a barrier between the stellar wind magnetic field and the unmagnetized interior of the planet (Russell 1993) . Depending on the stellar wind conditions around the planet, an induced magnetosphere may then be sustained on secular time scales. We show case V in panel (d) of fig. 2 . The ionosphere is modeled as a very thin (< 0.2 r p ) highly conductive boundary layer under the planetary surface. The wrapping of the magnetic field lines around planet (Russell 1993 ) is naturally recovered.
In case IJ, no ionosphere is created and the stellar wind magnetic field pervades inside the planet. The SPMI then depends on the ratio of electrical conductivities between the planetary interior and the stellar surface where the magnetic field lines are a priori anchored. This ratio sets the effective drag the planet is able to induce on the stellar wind magnetic field lines. We use the ability of the PLUTO code to add extra ohmic diffusion in the planet interior to model it and show in figure 2 two extreme cases in which magnetic field lines are dragged (panel e) or diffused (panel f) by the planet. In all cases, we obtain a statistical steady state in which the SPMI can be analyzed in details.
Conclusions
We showed in this work that is it possible to model the global, magnetized and nonlinear interactions between a star and a planet, within the MHD formalism. It requires a careful development of adequate boundary conditions to represent the various interaction cases. We showed that boundary conditions play a very important role both at the stellar surface and in the planetary interior. Steady state solutions could be found in the dipolar case as well as in both the Venus-like and Io-Jupiter-like unipolar cases.
The SPMI model we developed will be useful for exploring stable interaction config-urations between a close-in planet and its host star. In addition, it will enable quantitative predictions of rotational evolution of star-planet systems due to the effective magnetic torques which develop in the context of dipolar and unipolar interactions (Strugarek et al., in prep) . Finally, such models could also be used to study potential SPMI induced emissions, which we will analyze in a future work.
